We investigate the observed pentaquark candidates Pc(4312), Pc(4440) and Pc(4457) from the latest LHCb measurement, as well as four possible spin partners in theD ( * ) Σ * c system predicted from the heavy quark spin symmetry with the hadronic molecule scenarios. Similar to the previous calculation on Pc(4380) and Pc(4450), the partial widths of all the allowed decay channels for these Pc states are estimated with the effective Lagrangian method. The cutoff dependence of our numerical results are also presented. Comparing with the experimental widths, our results show that Pc(4312), Pc(4440) and Pc(4457) can be described well with the spin-parity-1/2
I. INTRODUCTION
The latest LHCb measurement observed more precise line shape of the J/ψp invariant mass distribution from the process Λ 0 b → J/ψpK − [1] . The experimental data suggested that the previous observed structure P c (4450) is resolved into two narrow states, P c (4440) and P c (4457) while the broad state P c (4380) have not been confirmed yet. In addition, a new structure P c (4312) is discovered with 7.3σ significance. Their masses and widths are given in the following The reported masses of P c (4312) and P c (4457) lie approximately 10 MeV and 5 MeV below theDΣ c and D * Σ c thresholds, respectively. This closeness to the thresholds and their narrow widths make the interpretation of hadronic molecule consisting of the corresponding meson-baryon system naturally for these pentaquarklike states. And the experimental properties of previous P c (4380) and P c (4450) can be described well in the similar scenarios within some reasonable parameter range [2] . Actually, before the first observation of pentaquark structure in hidden charm sector by LHCb in 2015 [3] , the existence of such near threshold bound states has been predicted systematically in some early theoretical works [4] [5] [6] [7] [8] [9] [10] . Especially, the predicted masses for these three observed P c states in Ref. [8] are exactly consistent with the reported experimental measurement within the uncertainty. And from the theoretical analysis in that work, * linyonghui@mail.itp.ac.cn † zoubs@mail.itp.ac.cn we note that theDΣ c andD * Σ c account for a large proportion of component in lower P c (4312) and higher two P c states, respectively. After that experimental discovery, various other theoretical scenarios have been also proposed to understand the nature of pentaquark-like states, which include compact pentaquarks [9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , baryocharmonia [21, 22] and rescattering-induced kinematical effects [23] [24] [25] [26] , as well as other possible bounded mechanism [27, 28] . The definite conclusion on the inner structures of P c states, however, requires further experimental investigation for them, especially the determination of their spin and parity.
II. FORMALISM A. Decay channels
Since there is no definite experimental evidence to identify the quantum numbers for all of the observed P c states up to now, we decipher them as the S-wave hadronic molecules in the present work. It indicates that P c (4312) is treated as a J P = 1/2 −D Σ c bound state while P c (4440) and P c (4457) areD * Σ c bound states with two possible quantum numbers 1/2 − and 3/2 − . With the effective Lagrangian approach, the partial decay widths of P c molecules to all possible channels can be estimated consistently.
Compared with the reported total widths of P c states, only the effect from the finite width of Σ * c (∼ 15 MeV) needs to be considered and all other constituent hadrons, which includeD,D * and Σ c , can be treated as stable particles. And the natural three-body decays through the bounded Σ * c decay will contribute to the widths of D ( * ) Σ * c molecules, as shown in Fig. 1 . The two-body decays of hadronic molecules will be described conventionally by the triangle diagram mechanism with the one meson exchanged as in Fig. 2 .
All the two-body de-
cay channels considered in our calculation are collected in Table I .
B. Effective Lagrangian
In the present work, we adopt the effective Lagrangian approach to compute the amplitudes of above decay diagrams. For the first vertex that P c states couple to the hadronic baryon-meson pairs, the Lorentz covariant L-S scheme proposed in Ref. [43] is used. A remarkable feature of this configuration is that the L-S effective Lagrangian contains definite angular momentum contribution of the final two-body system in the decay process. In our S-wave molecule scenario, the involved Lagrangian is 
c Pc can be estimated with the compositeness criterion which states the relation between the derivative of self-energy operator of hadron resonance and its compositeness [44, 45] . And the pureD ( * ) Σ ( * ) c molecular structures are assumed for P c states which indicates the compositeness of P c states equals to one in this work, that is χ ≡ 1 − Z = 1. Working in the non-relativistic limit and expanding on the small account √ 2µE B /Λ, the simplest estimation, denoted as g 0 , for gD ( * ) Σ ( * ) c Pc can be obtained with only the leading term kept. It is
for spin-1/2 molecule, 3/2 for spin-3/2 molecule, 5/3 for spin-5/2 molecule. .
As for the additional Lagrangians required to construct the one meson exchanged potential, we adopt the conventional formula used in a variety of phenomenological approaches. The specific formalism can refer to our previous work [2] . And these effective coupling constants have been organized consistently based on SU (3) flavor symmetry in Refs. [46] [47] [48] [49] [50] . We take the same convention as in Ref. [48] and extend to get whole coupling relations. In our hidden charm cases, the coupling constants between charmonium and charmed mesons are related to the couplings g 1 , g 2 , respectively, using the heavy quark symmetry [51, 52] , where g 1 and g 2 , which can be related to the decay constants of χ c0 and J/ψ by using the vecrtormeson-dominance(VMD) arguments * , are the couplings of the P -and S-wave charmonium fields to the charmed and anti-charmed mesons, respectively. In the present calculation, we take the same convention as Ref. [52] , that is, g 1 = −5.4 GeV −1/2 and g 2 = 2.1 GeV −3/2 . And the couplings between charmed mesons and light vector mesons can be estimated with the VMD approach [53, 54] . Note that the coupling g D ( * ) D ( * ) J/ψ is included in both of these two determinations, g DDJ/ψ = g D * D * J/ψ = 7.44, g D * DJ/ψ = 7.91 GeV −1 in VMD, while with heavy quark symmetry, one obtain g DDJ/ψ = 6.95, c , Λ c ) involved, the heavy quark spin symmetry(HQSS) can be applied to reduce the number of undetermined couplings in this part [55, 56] . And the left unknown couplings are estimated by taking the simplest approximation, that is, we assume that the role of charm quark is the same as that of strange quark. In this way, we use the same value from the SU (3) relations, for example, g ρΣcΛc = g ρΣΛ . Finally, there is another set of couplings, which includes g D * Dπ , πΣ c Λ c and πΣ * c Λ c , is inferred from the experimental decay widths. All effective couplings we used are listed in Table II . One should note that most of these values can only be regarded as rough estimations, which should suffice for an order-ofmagnitude estimate of the decay rates under consideration.
C. Form factors
As discussed in our previous work, some of the triangle diagrams, corresponding to the exchange of a pseudoscalar meson for the D-wave decay modes [57, 58] , are ultraviolet(UV) finite while the others diverge when the UV finite loops receive short-distance contributions if we integrate over the whole momentum space. We will employ the following UV regulator which suppress shortdistance contributions and thus can render all the amplitudes UV finite [39, [59] [60] [61] [62] 
where
molecules, is the Euclidean Jacobi momentum. The cutoff Λ 0 denotes a hard momentum scale which suppresses the contribution of the two constituents at short distances ∼ 1/Λ 0 . There is no universal criterion for the determination of these cut-offs and even for the choice of the regulator functions, but as a general rule the value of Λ 0 should be much larger than the typical momentum in the bound state, given by √ 2µǫ (∼ 0.1 GeV for the P c molecules). And it should also not be too large since we have neglected all other degrees of freedom, except for the two constituents, which would play a role at short distances. In the present work, we vary the value of Λ 0 from 0.6 GeV to 1.4 GeV for a rough estimate of the two-body partial widths. Note that there is another three-momentum Gaussian form factor is routinely used in a variety of non-relativistic phenomenological approaches [42, 63, 64] , 
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Note that compared with that in Ref. [56] , an additional factor 2 is included duo to the different Lagrangian for the D * Dπ interaction we used here. And the value of g D * Dπ is a factor of √ 2 smaller than that in Ref.
[2] due to the difference in conventions.
where p is the spatial part of the momentums ofD
and Σ
in the rest frame of P c states. The significant difference between these two Gaussian form regulators is that f 1 includes an additional constraint on the energy of molecular components, which demands that the center of mass energy is divided as the mass distribution of compounding particles inside the molecular states. It occurs usually for the bound states in quantum mechanics. We will discuss the effect of this energy constraint when we present our numerical results.
In addition, a multipolar form factor is introduced to suppress the off-shell contributions of the exchanged mesons in our triangle diagrams. It is chosen as
where m and q is the mass and momentum of the exchanged particle. The parameter Λ 1 is also varied in the range of 0.6-1.4 GeV. With the effective Lagrangian method, the partial decay widths of P c states are computed in the perturbative language,
where dΩ = dφ 1 d(cos θ 1 ) is the solid angle of the final state in the rest frame of P c , M is the mass of decaying P c states, the factor F I is from the isospin symmetry, and the polarization-averaged squared amplitude |M| 2 means 1 2J+1
spin |M| 2 † with J the spin of P c . † Since the relative phase between the amplitudes contributed from
III. NUMERICAL RESULTS AND DISCUSSIONS
With the effective coupling constants collected, the partial decay widths of observed P c states can be computed numerically by using the effective Lagrangian approach in the hadronic molecule scenarios. Note that there are still two undetermined parameters in our calculation, Λ 0 and Λ 1 . The existence of such energy scale parameters is inevitable in the phenomenological paradigms of strong interaction, either introduced to eliminate the loop divergence or to indicate the energy range where the effective approaches do work. As discussed above, we vary these two cut-offs in the range of 0.6-1.4 GeV to scrutinize how the decay behaviors undergo changes as the cut-off is varied. And a specific set of values for Λ 0 and Λ 1 is chosen to give the decay patterns of P c molecules by fitting to the measured total widths.
Before going to the discussion on partial decay widths, let us take a moment to figure out the determination of the effective couplings between P c states and the com-
. As mentioned before, this coupling is estimated with the compositeness condition. It suggests that such a coupling can be expressed as the square root of the inverse of the derivative of its self-energy operator, that has the constituents as the intermediate loop, for a pure molecule state. Since the mass of the hadronic molecule are usually close to the threshold of its constituents, the non-relativistic treatment can be adopted for the estimation of the couplings the different exchanged particles in a specific decay channel can not be determined definitely, we compute the incoherence summation for various decay processes, e.g., |M| 2 = |Mπ| 2 + |Mρ| 2 forD * Λc final state.
. In Fig. 3 , we show the differences among three different strategies for the g PcDΣc determination, that is, the relativistic calculation denoted as g RT , nonrelativistic calculation g N R and the g 0 which is the approximate estimate of g N R as discussed above. Here, the cutoff Λ 0 is appeared in the form factor f 1 and f 2 for removing the UV divergence in the self-energy operator. f 1 is related to the relativistic calculation while f 2 is used in the non-relativistic case. And with only the leading order left in Eq. (8), g 0 is cut-off independent. The results show that g RT is always larger than the g N R while g 0 is smaller than g N R . And as expected, the difference between them increases with the increasing of the binding energy. At the zero-binding-energy limit, the same coupling constant will be obtain from these three various determinations. Since g 0 is Λ-independent, the dependence of g RT and g N R on the cut-off can be translated into the behaviors of these relative ratios change with Λ 0 . As shown in the Fig. 3 , the lower blue-diamond dot is larger than the lower red-circle dot at the same binding energy which reflects that g N R decreases with the increasing of Λ 0 . And the relative ratio between the upper and lower dot with the same Λ 0 and binding energy is smaller for the larger cut-off. It means that g RT decreases also as Λ 0 increases. The cases are similar for theD * Σ c andD ( * ) Σ * c molecule states. Notice that in our molecular scenarios, the binding energy is around 10, 20 and 5 MeV for the observed P c (4312), P c (4440) and P c (4457) states respectively. Then there is no significant difference which strategy one adopt for the g PcD ( * ) Σ ( * ) c determination. In the present work, g RT is adopted for these P c molecules with the binding energy larger than 10 MeV. And for P c (4312), P c (4457), P c (4376) and P c (4523) that have small binding energy, g 0 is used for simplicity.
The partial decay widths of P c (4312), P c (4440) and P c (4457) in the S-wave hadronic molecule pictures with Λ 0 = 1.0 GeV and Λ 1 = 0.6 GeV are displayed in Table III for form factor set (f 1 , f 3 ) and Table IV for form factor set (f 2 , f 3 ). And the cutoff-dependence of total widths and the branch fractions ofD * Λ c , J/ψp andDΛ c channels are presented in Fig. 4 for P c (4312) and Fig. 5 , Fig. 6 , as well as Fig. 7 for P c (4440) and P c (4457) states.
At first glance, one thing can be concluded thatD * Λ c is the dominant decay channel for bothDΣ c andD * Σ c molecules which is similar with the results onDΣ * c and D * Σ c molecules in our previous work [2] . And one can also notice thatDΛ c andDΣ ( * ) c channels also account for a large portion of the widths for theD * Σ c molecules. In fact, the large partial widths of these channels come from the π exchanged contribution. It is because that the exchanged π can go nearly on the mass shell in these decay processes. The strong coupling toD * Λ c channel of P c (4312) is also claimed in Ref. [16] with the extended chromomagnetic model. And the small J/ψp decays for all of S-wave molecules in our calculation are consistent with the latest LHCb observation which shows that the upper limits of the branching fractions B(P are 4.6%, 2.3% and 3.8% for P c (4312), P c (4312) and P c (4312) respectively at 90% confidence level by assuming J P = 3/2 − for all of P c states [65] . And as shown in Refs. [16, 40, 66] , the partial width of η c p channel is almost three times larger than that of J/ψp for the lowest P c (4312) state. And the decay width of P c (4312) tō DΛ c is a factor of 0.02 smaller thanD * Λ c channel [16] . These relative ratios are consistent with our calculation as we can see from Table IV. Besides that, our results show that the partial width of η c p channel is around one order of magnitude smaller than that of J/ψp for the P c (4440) state. It agrees with the argument of the heavy quark symmetry in Ref. [66] . Compared with Table III  and Table IV , it does not escape attention that a remarkable difference between the form factor f 1 and f 2 is that the much larger D ( * ) meson-exchanged contribution is obtained with f 2 when we take the same value of cutoff. According to the definitions of f 1 and f 2 , we know that f 1 provides an additional constraint on the energy of compounding particles inside the P c molecules. Then in that case, the exchanged D or D * mesons must be highly off the mass shell and this off-shell contribution will be suppressed by our second form factor f 3 . Since the majority of the total widths of P c molecules is contributed by the π exchanged processes which are similar for these two different form factors, the total decay widths ofDΣ c andD * Σ c molecules obtained with f 1 and f 2 are compatible with each other. And as shown in Fig. 4, Fig. 6 and Fig. 7 , the cut-off dependence of total widths and branch fractions ofD * Λ c , J/ψp andDΛ c channels is almost same for these two form factors. The total widths increase as Λ 0 or Λ 1 increases while the branch fractions are almost stable over the whole range of Λ 1 . It should be noted that Λ 0 = 1.0 GeV and Λ 1 = 0.6 GeV are fixed to give a compatible descriptions with measured widths for all of three observed P c states. The numerical decay patterns with these cutoffs in Table III suggest that the spin parties of P c (4440) and P c (4457) are more likely to be 1/2 − and 3/2 − , respectively. Looking further ahead, the relative ratios between theDΣ c andDΣ * c and between the η c p and J/ψp are quite different for the different quantum numbers ofD * Σ c molecules. ΓD Σc /ΓD Σ * c is around 4 for the 1/2 − -P c (4440) while it is 0.1 for the 3/2 − -P c (4440). And Γ J/ψp /Γ ηp is around 10 for the 1/2 − -P c (4440) while it is around 200 for the 3/2 − -P c (4440). These novel properties on the branch fractions also exist for the P c (4457). It will help us to determine the quantum numbers for P c (4440) and P c (4457) states experimentally in future.
The quantum numbers of these two P c states are also discussed with the molecular scenarios in Refs. [67] [68] [69] [70] . And following the heavy quark spin symmetry, Ref. [32] studied all possible heavy quark multiplets inDΣ c ,DΣ * c ,
c systems with two sets of quantum numbers for P c (4440) and P c (4457) as inputs, (1/2 − , 3/2 − ) which they call set A and the opposite identification set B. Since the mass for 1/2 − -DΣ c molecule produced with set A is more compatible with the LHCb observation, four predicted heavy quark multiplets from the set A are considered in our work, that is, 3/2 − -P c (4376), 1/2 − -P c (4500), 3/2 − -P c (4511) and 5/2 − -P c (4523). With the same cutoffs, the partial decay widths of the S-waveD ( * ) Σ * c molecules are presented in Table V for form factor set (f 1 , f 3 ) and Table VI for 
. Λ-dependence of the total decay withs for the four spin partners predicted by Ref. [32] in theD ( * ) Σ * c molecule pictures, where the blue-solid, blue-dashed, red-solid and red-dashed lines denote that the dependence on Λ0 with form factor set (f2, f3), dependence on Λ1 with (f2, f3), dependence on Λ0 with (f1, f3) and dependence on Λ1 with (f1, f3), respectively. 
IV. SUMMARY
A more precise spectrum of pentaquark-like states in the process of Λ b → J/ψpK was reported recently by the LHCb collaboration. As previous discovery of P c (4380) and P c (4450), the newly observed P c (4312), P c (4440) and P c (4457) have sparked a heated discussion. Inspired by the closeness of P c (4312) to the threshold ofDΣ c and P c (4440), P c (4457) states to theD * Σ c , the natural hadronic molecular interpretation has been suggested in many theoretical works for these states. In analogy to our previous work on the P c (4380) and P c (4450), we investigate the strong decays of these newly observed P c states in the molecule scenarios. With the effective Lagrangian approach, the partial decay widths of P c states to all possible allowed channels are presented. It is found that the measured widths of P c (4312), P c (4440) and P c (4457) can be reproduced well respectively in the 1/2 − -DΣ c , 1/2 − -D * Σ c and 3/2 − -D * Σ c molecule pictures. And the 3/2 − -D * Σ c and 1/2 − -D * Σ c molecule assignments for the P c (4440) and P c (4457) can not be ruled out at present. The novel difference on the decay patterns between the spin parity 1/2 − and 3/2 −D * Σ c molecule for both P c (4440) and P c (4457), such as ΓD Σc /ΓD Σ * c and Γ J/ψp /Γ ηcp , can be used to distinguish the quantum num- bers in the future experiments. In addition, four possible heavy quark multiplets are also considered in our calculations. With the same cutoffs, their partial decay widths are presented. Albeit with large uncertainty, the findings here discussed can be considered as the direct consequences of the hadronic molecular assignments and can be tested by the further experimental investigation in future. It will improve our understanding on the inner structure of these pentaquark-like states.
